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MAINTENANCE of a constant body temperature by homeotherms is critically dependent on body water homeostasis, because evaporative cooling is the most efficient means that homeotherms have for dissipating excess body heat. Even at rest, heat is generated as a by-product of basal cellular metabolism and the ongoing muscle activity of the heart beating, respiration, and gastrointestinal motility. For a typical 70-kg man the resting (basal) rate of metabolic heat production is about 80 kcal/h, but intense exercise can increase heat production to 400 -600 kcal/h. Thus the body must have efficient mechanisms for dissipating heat to prevent hyperthermia. In humans, body heat is dissipated by passive transfer of heat from the skin to the air. The heat generated by muscles and internal organs is transferred to the skin by the blood flowing through epidermal capillaries. Thus heat loss can be increased by increasing skin blood flow and by increasing the movement of air next to the skin by removing clothing and standing near a fan or in a breeze. However, evaporative cooling significantly augments heat loss from the skin, because evaporation of 1 gram of water from the skin dissipates 0.6 kcal. Thus a sweat rate of 1 l/h could theoretically remove 600 kcal/h from the body. Furcovered mammals also rely heavily on evaporative cooling for maintaining body temperature with increased body temperature promoting panting, increased salivation, and saliva spreading in dogs, cats, and rats. However, water loss of the magnitude required in many instances to adequately dissipate excess body heat must be compensated to prevent electrolyte imbalance and preserve blood volume for adequate cardiovascular function. Thus mechanisms integrating thermal and fluid homeostasis are critical for homeotherms.
Regulation of Water Balance
Water balance is maintained by matching intake to loss. In addition to the water loss from sweating, salivation, and panting mentioned above, water is lost from the respiratory and gastrointestinal tract (insensible water loss) and in the urine. Water loss in the urine is regulated by vasopressin (VP; aka antidiuretic hormone). VP increases the permeability of the distal tubule and collecting ducts to water allowing increased water reabsorption from the renal filtrate and thereby decreasing water loss in the urine. The perception of thirst motivates water intake. Thirst and VP secretion are regulated in concert.
Water loss or a deficit in body water results in a decrease in the volume of the extracellular fluid (ECF) resulting in contraction of the blood volume and an increase in concentration of solutes in the ECF (increased osmolality). Both thirst and VP secretion are stimulated by increases in ECF osmolality and decreases in blood volume and/or pressure (75) . ECF osmolality is monitored by "osmoreceptive" neurons in the hypothalamus. An increase in osmolality simultaneously drives in-creased water intake and stimulates VP secretion from the posterior pituitary. Osmotic regulation of VP secretion has been studied extensively, and VP secretion is exquisitely sensitive to small changes in osmolality of the extracellular fluid with a 3-to 5-mosmol/kg H 2 O increase in osmolality being sufficient to raise plasma VP secretion to a level that induces maximal urinary concentration (24) . As reviewed previously (12, 13) , osmoreceptive neurons located in the organum vasculosum of the lamina terminalis (OVLT) and the subfornical organ (SFO) activate the VP neurons of the supraoptic (SON) and paraventricular nuclei (PVN) of the hypothalamus that synthesize and release VP into the peripheral circulation from the posterior pituitary. The VP and oxytocin (OT) neurons are also intrinsically osmosensitive (45, 59, 60) . Osmoreceptive neurons in OVLT and SFO also induce water intake (48) and activate a thalamocortical pathway including the insular and cingulate cortex components of the motivated behavior circuit. The latter is thought to represent the neuroanatomical substrate for generation of thirst (34) .
Regulation of Thermal Homeostasis
The hypothalamus plays a central role in monitoring core body temperature and in activating responses aimed at either increasing or decreasing body temperature. The hypothalamus regulates endocrine and autonomic as well as voluntary and involuntary somatic motor mechanisms to modulate heat loss and gain. Specifically, hypothalamic regulation of thyroxin production modulates the basal metabolic rate and thus basal heat production (85) . Skin blood flow, thermogenesis by brown adipose tissue (BAT), and sweating are regulated by the sympathetic nervous system and can be modulated by the hypothalamus (52) . Shivering is an involuntary somatic motor system mechanism for heat gain that can be initiated by hypothalamic cooling, and heating or cooling of the hypothalamus induces voluntary motivated behaviors aimed at either increasing or decreasing heat loss by altering skin exposure (clothing) and/or environmental temperature (53, 54) .
Classic studies of central thermoreception focused on the medial preoptic (MPO)/anterior hypothalamic region (10, 11) . Early ablation studies identified the anterior hypothalamus as important for maintenance of body temperature, and local warming or cooling of the preoptic area elicited appropriate heat loss or heat gain responses. Nakayama and colleagues (55) were the first to demonstrate in vivo that neurons in the MPO behaved as "thermosensors" by increasing or decreasing their firing rate in response to local warming or cooling respectively of the MPO. About 40% of MPO neurons are thermosensitive. The majority function as "warm sensors," increasing their firing rate as local temperature increases (11) . A smaller population of "cold sensors" also exist in MPO. The firing rate of these neurons is inversely related to changes in the local temperature (11) . This review will focus predominantly on the "warm sensors." In addition to monitoring local temperature, the MPO "warm-sensor" neurons receive afferent projections carrying information from cutaneous thermoreceptors. Thus they integrate information about local temperature with information about environmental temperature (52) . The information from cutaneous warm and cold sensors is relayed to the MPO via glutamatergic spinal afferents projecting to the lateral parabrachial nucleus (LPB), glutamatergic LPB afferents to the median preoptic nucleus (MnPO), and finally glutamatergic (from cutaneous warm sensors) or GABAergic (from cutaneous cold sensors) MnPO neurons innervate the "warm sensors" in the MPO (51, 52) . The warm sensors are predominantly GABAergic and tonically inhibit regions in the hypothalamus, brain stem, and spinal cord responsible for initiating involuntary heat gain mechanisms [vasoconstriction, thermogenesis in BAT, and shivering (51, 52)].
As eloquently delineated and described by , multiple and distinct populations of warm-sensitive neurons in MPO independently regulate the diverse thermoeffector pathways. This is evident from the fact that the various heat-loss and heat-gain mechanisms (e.g., thermoeffectors) have different thermal thresholds for activation. Specifically, as MPO temperature decreases, skin vasoconstriction is activated before BAT thermogenesis, and an even greater decrease in MPO temperature is required for initiation of shivering (51) . Furthermore, the efferent projections from these thermoreceptors diverge. Thermosensitive efferents that activate BAT thermogenesis and shivering synapse in the dorsomedial nucleus (DMN) of the hypothalamus before innervating autonomic premotor neurons in the rostral raphe pallidus (rRP). In contrast, initiation of vasoconstriction by MPO cooling bypasses the DMN and directly innervates the rRP. The involvement of discrete populations of thermoreceptors and divergent effector pathways for autonomic, involuntary, and voluntary heat-gain mechanisms supports the possibility that the mechanisms and pathways for integrating thermal and fluid homeostasis are distinct and independent from these well-characterized pathways for maintaining body temperature homeostasis.
The existence of thermoreceptive mechanisms in addition to the "warm-and cold-sensors" in MPO is illustrated by the evidence that in contrast to the involvement of the warmsensitive MPO neurons in regulating autonomic heat-gain mechanisms, the MPO does not seem to play a major role in recruiting voluntary behaviors aimed at conserving body heat (52) . Whereas recruitment of thermoregulatory behaviors in response to environmental changes may primarily reflect responses to cutaneous thermoreceptors, thermoregulatory behaviors are also recruited during fever without ambient temperature changes.
Integration of Temperature and Fluid Homeostasis
The importance of evaporative cooling for preventing hyperthermia discussed above suggests the existence of complex mechanisms integrating thermal and fluid balance. In fact, an effect of body temperature on renal water retention was recognized in the 1880s with the description of "cold diuresis" (see Ref. 8 for review). The subsequent elucidation of a hormonal mechanism underlying cold diuresis (6) , and the discovery of VP as an antidiuretic agent linked the phenomenon of cold diuresis to inhibition of VP secretion. The more recent observations that dehydration reduces evaporative cooling responses resulting in hyperthermia (7, 57) further supports the importance of mechanisms integrating thermal and fluid homeostasis.
In addition to hyperosmolality and hypovolemia and/or hypotension, an increase in hypothalamic temperature also stimulates VP secretion and thirst (27, 28, 77) . Classic studies from the laboratory of Andersson (3, 4) using thermodes to locally heat and cool the preoptic-anterior hypothalamic area in the goat demonstrated that increasing and decreasing the temperature enhanced and inhibited drinking, respectively. Similar effects have been reported in pigs (35) and baboons (76) . Although similar studies in dogs and rats reported inhibition rather than stimulation of drinking in response to heating of the hypothalamus (30, 77) , this may have reflected compensatory responses to changes in whole body temperature rather than direct effects of temperature changes in the preoptic area.
In the case of VP secretion, the problem of compensatory changes in whole body temperature was obviated by evaluating the effect of an increase in temperature on VP release from an in vitro preparation. As shown in Fig. 1 , VP and OT release from perifused explants of the hypothalamo-neurohypophyseal system (HNS) is dramatically increased when the temperature is increased from 37-39.5°C over 1 h. This increase in temperature, which is well within the range experienced in fever, results in a 800% increase in VP secretion from HNS explants. A simultaneous increase in osmolality results in further stimulation of VP and OT release (Fig. 1) .
Sites for Integration of Temperature and Fluid Homeostasis
In searching for the mechanisms integrating temperature and water homeostasis, it might be expected that integration would occur in regions identified as monitoring body temperature and/or osmolality. Thus studies addressing this issue have focused on the regions identified as critical for osmoreception [e.g., the circumventricular organs (CVOs), OVLT, and SFO] and the regions involved in monitoring body temperature [e.g., the MPO/anterior hypothalamus (AH)].
In synchrony with this, the periventricular tissue surrounding the anteroventral part of the ventral third ventricle (AV3V), which includes the OVLT, has been identified as being essential for maintenance of both fluid and thermal homeostasis and a likely site for integration of thermal and osmotic reception in rats and humans (25, 88) . Rats with lesions in this region are initially adipsic but can be weaned through this period with sweet, palatable liquids. However, they retain deficiencies in osmotic and angiotensin II-induced drinking (15) . These lesioned rats also fail to concentrate their urine in response to the adipsia (36) , and HNS explants obtained from AV3V-lesioned rats fail to increase VP release in response to an increase in osmolality (72) . Also, AV3V-lesioned rats have a markedly reduced thermal tolerance showing attenuated salivation and impaired cardiovascular responses in response to heat stress (88) . In addition to the OVLT, the "AV3V" region includes the ventral portion of the MnPO, the preoptic periventricular nucleus, and medial aspects of the MPO (15, 88). As described above, the MnPO innervates the "warm-sensitive" neurons in the MPO and transmits information from cutaneous thermal receptors to the MPO warm sensors. Efferent projections to the MnPO from the SFO have been implicated in osmoreception, and although AV3V lesions do not destroy SFO, many efferents from the SFO are disrupted. For example, following AV3V lesions, anterograde degeneration was observed in SON and PVN, and retrograde degeneration was observed in SFO (16, 17) . AV3V lesions destroy connections between the MnPO and MPO and therefore indirect SFO projections to MPO.
Integration of thermal and osmosensitivity by neurons in the MPO and MnPO has been specifically evaluated in studies using electrophysiology on hypothalamic slices. Subsets of thermosensitive neurons in MPO and MnPO responded to changes in osmolality as well as temperature (69, 81) . However, these studies were not performed under conditions of synaptic blockade, and thus, did not establish whether the MnPO and/or MPO neurons were inherently osmo-or temperature sensitive. Nevertheless, since both areas have been shown to influence drinking and VP secretion, and MnPO innervates MPO, these areas clearly represent important way stations for integrating osmotic and thermal regulation of efferents even if the primary osmo-and thermoreceptors are located elsewhere and the neurons in MnPO and MPO are efferent to osmoreceptive neurons in SFO and OVLT. Although the primary monitoring and integration of thermal and osmotic information may occur in OVLT and SFO, integrative sensing of thermal and osmotic information also occurs in at least one effector system: the magnocellular VP secreting neurons in SON and presumably PVN. Studies of the cellular mechanisms underlying osmotic and thermal sensing in SON neurons has provided significant insights into the cellular and molecular mechanisms available for integration of thermal and osmotic information (see Cellular/Molecular Mechanisms of Osmoreception). However, since this represents only one arm of fluid homeostasis, e.g., water conservation, additional mechanisms may be important in the "intake/replenshing" arm of fluid homeostatsis that is critical for evaporative heat loss and thus, prevention of hyperthermia.
Cellular/Molecular Mechanisms of Osmoreception
Early in vivo studies by Verney et al. (84) suggested that "osmoreceptors" responded to changes in their cell volume, because antidiuretic activity was enhanced by agents that could not cross the cell membrane (e.g., sodium or sucrose), but not by agents that were membrane permeant (urea or glucose). Verney localized "osmoreception" to the anterior hypothalamus. However, observations in goats suggested that cerebral receptors monitored sodium rather than osmolality, and it was suggested that the effect of the non-sodium osmolytes was explained by the blood-brain barrier limiting their access to the brain and, in turn, altering the CSF sodium concentration (2) . This led to the "osmoreceptor versus sodium sensor" controversy. However, a role for the blood-brain barrier was minimized by findings that membrane nonpermeant agents, but not membrane permeant agents, stimulated VP release from HNS explants, a preparation that eliminated potential contributions of the blood-brain barrier (73) . Ultimately, definitive demonstrations that "osmoreceptive" elements were located in regions of the hypothalamus that lacked a blood-brain barrier, e.g., the OVLT and SFO (14, 49, 80) , put the controversy to rest. Current evidence supports roles for both osmoreceptors and sodium receptors (33) (13) confirmed the role of cell volume and membrane mechanosensitivity (e.g., membrane stretch and contraction) in altering the activity of SON neurons. Their work demonstrated the involvement of stretch-inactivated nonselective cation (SIC) channels in osmoreception. Their subsequent search for the molecular underpinnings of this channel led to the hypothesis that modified TRPV1 (mTRPV1) channels are responsible for osmoreception in SON neurons.
Mechanisms of Temperature Reception
Multiple neurophysiological mechanisms may underlie the endogenous thermosensitivity of MPO warm sensors. One possibility is that a heat-induced membrane depolarization determines the threshold for firing. Select MPO neurons recorded under conditions of synaptic blockade demonstrated a thermal-sensitive depolarization, and upon reaching threshold, fired repetitively. The heat-sensitive conductance showed nonselective cation properties (39) . Although this is consistent with characteristics of TRPV channels, the participation of TRPV channels in "warm-sensitive" neurons has not been definitely demonstrated: Systemic administration of TRPV1 channel agonists activates MPO warm sensors, but this may be indirect reflecting actions on efferents to MPO warm sensors (46, 63) . On the other hand, other TRPV channels may be expressed in MPO (56) and TRPV expression may be altered in fever (26) . Thus TRPV channels may play a role in MPO thermosensitivity.
Several types of K ϩ channels have been postulated to contribute to thermosensitivity in MPO. A voltage-sensitive A-type potassium current that contributes to afterhyperpolarization has been studied extensively in MPO. In this case, heating increases the inactivation rate of the K ϩ current. This reduces the hyperpolarization period following an action potential and results in an increase in firing rate of the neuron (90) . K ϩ leak channels such as TASK and TRAAK or hyperpolarization activated cyclic nucleotide-gated (HCN) channels are also possible candidates for the temperature sensitive K ϩ channel (87) as they are expressed in MPO. However, these channels are broadly expressed throughout the central nervous system including temperature-insensitive neurons. Thus their expression is not unique to temperature-sensitive neurons.
TRPV Channels: Sensors Underlying Thermal and Mechanosensitivity of Neurons
The transient receptor potential (TRP) channel super family includes a diverse group of proteins that form nonselective cation channels and are involved in sensory transduction. Several members of the vanilloid subfamily of TRP channels (TRPV) are molecular candidates for integrators of thermal and osmotic sensitivity, because in addition to functioning in multimeric complexes to form gated calcium-permeable nonselective cation channels, they are polymodal sensors that respond to temperature, membrane stretch, protons, and chemical ligands.
TRPV1. TRPV1 is the best characterized of the TRPV channels due to its involvement in mediating pain perception. It is responsible for the burning sensation induced by capsaicin, and because it has a temperature threshold Ͼ42°C, TRPV1 has been implicated in transducing information about noxious heat (29) . Since SON neurons are not capsaicin sensitive and are responsive to temperature changes in the physiological range, TRPV1 seems a poor candidate for mediating thermal and osmosensitivity in these neurons. Nevertheless, TRPV1 is expressed in SON (34), and Bourque and colleagues (22, 65) have provided extensive evidence that the SIC conductance that underlies osmosensitivity of SON is, in fact, mediated by a mTRPV1 channel. The mTRPV1 expressed in SON is a truncated form of TRPV1 that includes the COOH-terminal portion of the molecule but not the NH 2 -terminal region (65) . The molecular evidence from the Bourque lab for this mTRPV1 channel is compelling, because it is supported by findings at both the mRNA and protein level (22, 65) . They showed, by using RT-PCR, that primer sets to the NH 2 -terminal region did not detect TRPV1 mRNA in SON, but primer sets to the COOH-terminal region detected a shorter mRNA in SON. Furthermore, SON was robustly labeled with an antibody to the COOH-terminal region, but not the NH 2 -terminal region, and the COOH-terminal labeling was absent in TRPV1 knockout (KO) mice (65) . This demonstrates that the mTRPV1 expressed in SON is a trpv1 gene product. The osmoreceptive role of the mTRPV1 was demonstrated by the presence of a hypertonic-induced cation current in wildtype mice that was sensitive to ruthenium red (RR; a broadspectrum blocker of TRP channels) and SB366791 (a selective TRPV1 antagonist) (65) . Furthermore, the increase in cationic conductance evoked by hyperosmolality was absent in mice lacking TRPV1 expression (65) . Expression of an NH 2 -terminal truncated form of TRPV1 is consistent with the absence of capsaicin responses in SON neurons, because the NH 2 -terminal region is required for capsaicin sensitivity (37) .
Osmoreception in OVLT neurons also involves SIC channels (58) and is TRPV1 dependent (22) . However, the nature of the TRPV1 gene product expressed in OVLT is still controversial (22, 44) . TRPV1 is robustly expressed in OVLT and SFO (Fig. 2) , but in the CVOs, it is most prominent in thick astrocytic processes (Fig. 2 and Ref. 44) . It is also observed in neuronal dendrites in OVLT and SFO (44) , but it was also evident in neuronal somata in OVLT in one study (34) . Unlike SON, TRPV1 expressed in OVLT and SFO includes the NH 2 -terminal portion and is the expected size for full-length TRPV1 (44) . However, this contrasts to the finding by Ciura and Bourque (22) that OVLT neurons were insensitive to capsaicin, and raises the possibility that the form of TRPV1 expressed in neurons and glia may be different.
Expression of TRPV1 in OVLT and SFO suggests a role for TRPV1 in hyperosmotic drinking. This was supported by a report of reduced drinking to a peripheral hyperosmotic challenge in TRPV1 KO mice (22) . However, this was not observed by another group (78) . These discrepant results may reflect slight differences in the osmotic challenge that prevented detection of a partial deficit as other mechanisms compensated for the life-time absence of TRPV1 (23, 78) . As discussed below, the latter possibility is supported by evidence for expression of other TRPV channels in OVLT and SFO.
The Bourque group also provided evidence based on both pharmacological studies and TRPV1 KO mice that TRPV1 channels are involved in thermosensitivity of SON neurons (66) . They showed that isolated SON VP neurons increased their firing rate in response to increasing the perifusate temperature from 36 -38°C. In contrast to the warm-sensitive neurons of the MPO, the increase in firing rate was accompanied by membrane depolarization and an increase in membrane conductance mediated by calcium-permeable nonselective cation channels (66) . Thermal sensitivity in the 35-39°C range was reduced in isolated VP neurons obtained from TRPV1 KO mice, and the temperature-sensitive current was reduced by the specific TRPV1 antagonist SB366791 in VP neurons from wild-type but not TRPV1 KO mice (66) . Thus the Bourque group has provided compelling evidence supporting the involvement of TRPV1 channels in thermal sensitivity of isolated VP neurons, but important questions remain: 1) Since different domains of the TRPV1 molecule are thought to mediate its polymodal sensitivity (e.g., activation by heat and protons, and inactivation by stretch), can the NH 2 -truncated mTRPV1 expressed in SON monitor temperature? While the NH 2 -terminal domain required for capsaicin sensitivity is absent in mTRPV1, it is the COOH terminal domain that is thought to mediate osmoreceptivity and thermosensitivity, and this is intact in mTRPV1. 2) What mechanisms are responsible for reducing the high heat threshold of TRPV1? Evidence exists in other cells, for PKC, PKA, and PIP3-dependent lowering of the TRPV1 heat threshold (21, 62, 83) . Ligands of several G protein-coupled receptors including bradykinin and ATP also sensitize TRPV1 to temperature (29) . Peptide ligands of PKC-linked G protein-coupled receptors have been shown to modulate osmoreceptivity of the SIC channel. Specifically, angiotensin II and neurotensin increased the nonselective cation currents in SON neurons (20, 38) . Another possibility is that thermosensitivity of mTRPV1 channels is reduced if they exist in heteromeric complexes with other TRPV family members that have lower heat thresholds (e.g., TRPV4) (19, 64) . Heteromeric complexes of TRPV2 and/or TRPV4 with mTRPV1 have been postulated to subserve hyper-and hypotonicity sensitivity (67) .
TRPV2. TRPV2 is also a heat-gated calcium-permeable nonselective cation channel. As shown in Fig. 3 , it is prominently and preferentially expressed in the SON, PVN, and neural lobe in primates with coexpression in VP and OT neurons (86) . It is also prominently expressed in rat SON, PVN, and neural lobe (31) . TRPV2 mRNA is present in VP neurons (56) , and water deprivation increases TRPV2 mRNA in SON (31) . Prominent expression is also present in the OVLT, MPO, and SFO in the rat brain (56) . Although, like TRPV1, the temperature threshold for TRPV2 exceeds the physiological range, it also can be sensitized to lower temperatures by regulatory agents. Insulin and insulin-like growth factor-1 (IGF-1) induce translocation of TRPV2 to the membrane resulting in the presence of constitutively active channels (29) . Insulin induced TRPV2-dependent calcium entry in pancreatic ␤-cells (32). Since receptors for both IGF-1 and insulin are expressed in SON (1, 9, 82 ), TRPV2 channels are viable candidates for mediating thermosensitivity. TRPV2 has been shown to form heteromeric complexes with TRPV1 (40, 64) . Thus formation of heteromeric channels with coexpressed osmosensitive TRPV1 and possibly TRPV4 channels in SON, OVLT, and SFO provides the potential for TRPV2 channels to participate in integration of osmotic and thermal signals for drinking as well as VP secretion.
TRPV4. TRPV4 was one of the first recognized osmosensitive proteins (41) . In transfected cells, it was shown to be gated by exposure to hypotonic challenges within the physiological range, and its osmosensitivity is increased by warming to 37°C. In the rat, it is expressed in SON, PVN, OVLT, and SFO (18, 41) . TRPV4 KO mice show deficits in osmoregulation. When compared with wild-type mice, they drink less water either spontaneously or in response to a hypertonic challenge, become hyperosmolar, and have a smaller increase in plasma VP when challenged with hypertonic saline (42) . They also became hypoosmolar when treated with dDAVP (42) . Thus they show deficits in responses to both hypertonic and hypotonic challenges. cFos expression in OVLT induced by a hypertonic challenge is reduced in TRPV4 KO mice. Although taken together these observations suggest a role for central osmosensing, the exact nature of that role remains unclear due to conflicting reports in the literature: In contrast to the finding that VP release was reduced to a hypertonic challenge in TRPV4 KO mice, Mizuno et al. (50) reported that VP secretion in response to water deprivation was increased in TRPV4 KO mice, and Ciura et al. (23) found that osmotic depolarization of OVLT neurons was dependent on TRPV1 but not TRPV4 expression. However, since Ciura et al. (23) used acutely dissociated OVLT neurons, a role for TRPV4 in glial cells was not excluded in that study. It is likely that these discrepencies reflect diverse contributions of the individual TRPV channels to the osmoreceptor complex such that the type of osmotic perturbation, the location of the channels, and the end point evaluated all impact the perceived involvement or importance of TRPV4.
Summary/Overview
As described above and diagramed in Fig. 4 , homeostasis in both body temperature and osmolality is achieved by complexes of temperature and osmotic sensors. In the case of osmotic control of VP secretion, the "osmosensor complex" confers greater sensitivity to osmotic perterbations than is achieved with the inherent osmosensitivity of the VP neurons alone. As mentioned, it is well recognized that with the osmosensor complex intact, approximately a 1% increase in Neurons and pathways are color coded to distinguish osmosensors (blue) and thermosensors (red) and their relay neurons and effector projections. In regions that house both osmo-and thermoreceptive neurons (OVLT, SON, PVN), these functions may occur in the same cell and may be transduced by the same molecular entity (e.g., TRPV channels). B: enlargement of region in A delineated by dashed box. OVLT contains both osmo-and thermosensitive neurons that project to MnPO, SON, PVN, thalamus, and anterior cinguate cortex; MnPO is an integrating center that receives input from OVLT and SFO as well as other brain areas relaying information from peripheral baro-, thermo-, and osmoreceptors. It projects to SON, PVN, MPO/AH, and thalamus. SON and PVN contain magnocellular VP and OT neurons that project to PP. They function as both osmo-and thermosensors as well as receiving information from the osmo-and thermosensors in OVLT and SFO. The thalamus, insula, and anterior cingulate cortex are components of the motivated behavior circuit involved in thirst and water acquisition. AC, anterior cingulate cortex; DM, dorsomedial nuclei; INS, insula; MnPO, nucleus medianus; MPO/AH, Medial preoptic/anterior hypothalamus; OC, optic chiasma; OVLT, organum vasculosum of lamina terminalis; PP, posterior pituitary; PVN, paraventricular nuclei; rRP, rostral Raphe Palidus; SON, supraoptic nuclei; SFO, subfornical organ; SNS, sympathetic nervous system for regulation of BAT and vascular constriction; THAL, thalamus; VP, vasopressin. osmolality induces secretion of VP sufficient to generate a maximally concentrated urine. In contrast, a 5-10% increase in osmolality is required to elicit demonstrable electrophysiological responses in dissociated or synaptically blocked SON neurons (45, 59, 60) . Similarly, the temperature sensors in MPO are not sufficient to protect animals against lethal hyperthermia in the absence of efferent information coming from the CVOs (88) . Thus similar to the hypothalamic-anterior pituitary axis, these osmotic and thermal complexes function to achieve the sensitivity required for the the output systems to meet physiological requirements.
In addition to increasing sensitivity, the osmotic and thermal complexes also provide the substrate for integrating crucial physiological information in addition to temperature and osmolality, and the components of the complex can confer selectivity to output responses. For example, the SFO expresses receptors for angiotensin II, a peptide that conveys information about blood pressure and volume, and the SFO is responsible for eliciting drinking in response to angiotensin II (43, 70, 71) . The SFO and OVLT also express estrogen receptors (74) and thus have the potential to modulate osmotic and thermal homeostasis in concert with the reproductive cycle.
TRPV channels expressed in SFO, OVLT, and magnocellular SON and PVN neurons are strong candidates for the molecular mechanism integrating thermal and fluid balance homeostasis. The thermal and osmosensitive cells in OVLT and SFO express TRPV channels and innervate appropriate effectors including: 1) the MnPO, which in turn innervates the various "warm-sensitive" neurons in MPO that independently regulate autonomic control of the heat conservation/dissipation thermoeffector pathways; 2) the VP secreting neurons in SON and PVN, which are themselves thermal and osmosensitive; and 3) the thalamocortical pathways involved in generating thirst (the sensation that motivates behaviors to increase water intake). While the exact nature and composition of the TRPV channels is not yet fully understood, it is clear that endogenously expressed products of the trpv1, trpv2, and trpv4 genes participate. Additionally, the possibility that plasticity exists in expression and/or composition of the TRPV channels (e.g., TRPV subtype and homomeric/heteromeric characteristics) and can be driven by physiological (gender, age, hydration status, etc.) or pathophysiological conditions (e.g., fever, stress, hypertension, etc.) remains to be explored. Thus it is likely that the composition of TRPV heteromeric channels differs between cell types (neurons and glia) and with different physiological states. It also follows that such plasticity in channel composition would result in variable responses to temperature and osmotic stimuli. As such, the predominant parameter (temperature or osmolality) could fluctuate depending on the physiological context.
While this review has focused on the TRPV channels, other channels may also have a role in integrating thermal and osmotic stimuli. For example, the sodium-sensitive, NaX channel is expressed in SFO and MnPO, regions that contain Na ϩ -sensitive neurons (33, 68) . Also, all subunits of the epithelial Na channels (ENaC) are expressed in VP neurons (79) . Temperature sensitivity of the NaX channels remains to be evaluated, but at least in expression systems ENaC has been shown to be temperature sensitive (5) . Involvement of Na ϩ -sensing mechanisms in coordinating thermal and fluid homeostasis is reasonable since sodium loss during sweating can compromise fluid retention and cardiovascular function. Thus future studies may elucidate molecular mechanisms in addition to TRPV channels that contribute to integration of body temperature and water homeostasis.
Because of the focus of this review on the importance of evaporative cooling and thus maintenance of water balance for preventing hyperthermia, we have not discussed another interesting and important aspect of thermal and osmotic integration: The involvement of the "cold-sensing" mechanisms. The early reports of "cold diuresis" mentioned earlier (8) , supports a role for cold as well as heat in regulation of VP secretion. Another member of the TRP channel family has been implicated in sensing cold, TRPM8 (47, 61) . Its role in regulation of water balance remains to be examined, but it represents yet another potential channel contributing to integration of temperature and water homeostasis.
